The Lagrangian dispersion of fluid particles in inhomogeneous turbulence is investigated by a direct numerical simulation of turbulent channel flow. Lagrangian velocity and acceleration along a particle trajectory are computed by employing several interpolation schemes. Among the schemes tested, the four-point Hermite interpolation in the homogeneous directions combined with Chebyshev polynomials in the wall-normal direction seems to produce most reliable Lagrangian statistics. Inhomogeneity of Lagrangian statistics in turbulent boundary layer is investigated by releasing many particles at several different wall-normal locations and tracking those particles. The fluid particle dispersion and Lagrangian structure function of velocity are investigated for the Kolmogorov similarity. The behavior of the Lagrangian integral time scales, Kolmogorov constants a 0 and C 0 of the velocity structure function near the wall are discussed. The intermittent behavior of the fluid particle acceleration is also examined by kurtosis of the Lagrangian structure function. Finally, the effect of the initial particle location on the dispersion is analyzed by the probability density function of particle position at several downstream locations.
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I. INTRODUCTION
One of the most interesting approaches for the turbulent study is the investigation of turbulent flows in Lagrangian frame. An issue of primary importance for the Lagrangian dispersion of fluid particles in turbulent flow concerns understanding of underlying turbulent physics and the development of the statistical models.
1-8 Past researches focused on Lagrangian statistics closely related with turbulent flow. Yet little is known regarding the fluid particle dispersion in a wall-bounded flow. It remains still unclear how to relate the presence of the wall to anisotropy and inhomogeneity of Lagrangian statistics.
The wall-bounded turbulent flow at low or moderate Reynolds number is well resolved by direct numerical simulation ͑DNS͒ of the Navier-Stokes equations, since all essential scales of turbulent motions are resolved. A critical part of the calculation in particle tracking is application of interpolation to obtain particle velocity from the known values of the Eulerian velocity fields 9 because the instantaneous position of a particle does not coincide with a computational grid point. Yeung and Pope 10 designed TS13, which is a third-order accurate, thirteen points, interpolation scheme, and applied it to isotropic turbulence to extract Lagrangian statistics. Balachandar and Maxey 11 also presented Lagrangian statistics by using several algorithms including a partial Hermite interpolation scheme. Kontomaris et al. 9 computed the fluid particle velocities in turbulent channel flow with combined interpolation schemes which consist of sixth-order Lagrange polynomials or the Hermite schemes in homogeneous directions and Chebyshev polynomials in the wallnormal direction. In the present work, we have re-evaluated the accuracy of various interpolation schemes in DNS of turbulent channel flow and focused on the effect of the interpolation schemes on high-order Lagrangian statistics such as acceleration correlations.
A literature survey reveals that many numerical and experimental studies have been performed to examine the Lagrangian statistics of fluid particle dispersion in isotropic turbulence. 4 -7,12-14 They have focused on the examination of Lagrangian time series in relation to Lagrangian stochastic model. The major question in stochastic modeling is how to implement inhomogeneity and anisotropy of near-wall flow and the effect of Reynolds number into models. In an effort to overcome inefficiency of the first-order stochastic model ͑stochastic model for the Lagrangian velocity increment͒ in representing anisotropy or Reynolds number effect, some proposed the second-order stochastic models for the increment of acceleration 15, 16 within the context of the well-mixed class. 17 Important elements in such approaches are specification of model constants C 0 and a 0 , which scale the velocity structure function in terms of the dissipation rate in the inertial range and the root-mean-square͑rms͒ acceleration in terms of the dissipation rate and viscosity, respectively. According to the classical Kolmogorov scaling analysis, C 0 and a 0 are universal. 2 Recently, Yeung 8 suggested that the constant a 0 for low Reynolds number flows is not universal and rather increasing as R 1/2 where R is the Taylor-scale Reynolds number. Recently, La Porta et al. 7, 14 reported similar trend in their experiments. Vedula and Yeung 13 provided further evidence to claim that the acceleration is dominated by pressure gradients, which are highly intermittent and concentrated at intermediate scales in the turbulent spectrum, thus a 0 deviating from the Kolmogorov scaling.
Direct estimate of C 0 , which is essential in Lagrangian stochastic models of any order, [17] [18] [19] [20] in either experiment or numerical simulation is difficult. Instead, the peak of the Lagrangian velocity structure function ͗⌬v() 2 ͘ when normalized by the dissipation rate ⑀ and time span , known as C 0 * , has been widely investigated. Yeung and Pope 8 have reported by using DNS that C 0 * has a strong dependence on Reynolds number in their low-Reynolds number simulations. Recent high-quality experiment 6 yielded C 0 *ϳ2.9. The discussion on the Kolmogorov constant has continued by a compilation of available experimental and numerical data, 21 delivering the uncertainty in the estimate of C 0 . Since most works are restricted to isotropic flows, it is necessary first to characterize anisotropic nature of the Lagrangian statistics including the scaled velocity structure functions and acceleration correlations in near-wall turbulent flows. For homogeneous shear flow with mean velocity some investigations were carried out in the Lagrangian framework. 22, 23 It was reported that the Lagrangian autocorrelation of the streamwise velocity persists significantly longer than that of the other components. However, due to the non-stationary nature of the simulations, it is difficult to define the integral time scale of the velocity autocorrelations, thus preventing detailed investigation.
For the wall-bounded flow, the Lagrangian statistics have been studied for the investigation of transport mechanism, 24, 25 for the evaluation of particle tracking algorithm, 9 and for the dispersion of particle tracers. 26, 27 Using DNS, Iliopoulos and Hanratty 28 have studied pointsource dispersion at a distance of 40 wall units from the wall in a fully developed channel flow for the evaluation of their stochastic model. Detailed statistics of Lagrangian quantities, however, have not been provided for anisotropic and inhomogeneous turbulent flow near the wall.
The main purpose of this study is to characterize the inhomogeneity of Lagrangian statistics in turbulent channel flow by using DNS. In our simulations, our strategy is to release many particles at the several wall-normal locations and then to track those particles to obtain the Lagrangian statistics. The inhomogeneity of fluid particle dispersion is discussed in the small-scale and inertial ranges. The autocorrelations of each component of the Lagrangian velocity and acceleration are obtained to examine near-wall inhomogeneity of dispersion. The classical Kolmogorov similarity hypothesis is applied to investigate the inhomogeneity and anisotropy of the universal constants a 0 and C 0 . Obviously, such information is very useful for the development of Lagrangian stochastic models of velocity 17, 18, 29 or of acceleration. 16, 20 In addition to the analysis, the probability density function of the particle position is examined in the view from the inhomogeneity due to the different initial particle locations.
The paper is organized as follows: Numerical methods for direct numerical simulation will be briefly described in Sec. II; particle tracking algorithms are summarized in Sec. III; an assessment of the algorithms is presented in Sec. IV; Lagrangian statistics are investigated in Sec. V; finally, concluding remarks are provided in Sec. VI.
II. NUMERICAL SIMULATION
For an incompressible turbulent flow, the Navier-Stokes equations and continuity equation can be written as
where x 1 , x 2 , and x 3 are the streamwise, wall-normal and spanwise directions, respectively. u i are the corresponding velocity components, p is the pressure normalized by u 2 ,
and Re is the Reynolds number, Re ϭu ␦/. All variables are nondimensionalized by the wall-shear velocity u , and the channel half width ␦. Periodic boundary conditions are imposed in the streamwise and spanwise directions. The flow rate in the streamwise direction is kept constant. Direct numerical simulations of turbulent channel flow at two Reynolds numbers (Re ϭ200 and 400͒ are performed to investigate the Lagrangian statistics. Both a Chebyshevtau method in the wall-normal direction and a dealiased Fourier method in the streamwise and spanwise directions are used. A semi-implicit time advancement scheme is employed by using the Crank-Nicolson implicit method for the viscous terms and an explicit third-order Runge-Kutta scheme for the nonlinear terms. The spectral numerical scheme used in this study is nearly the same as that used in Kim et al. 30 The domain size in the streamwise, wall-normal, and spanwise directions is ͑1256,400,418͒ wall units for Re ϭ200 and ͑2513,800,837͒ wall units for Re ϭ400, respectively. The corresponding grids in each direction are 64ϫ97ϫ64 and 128ϫ193ϫ128, respectively. For both Reynolds numbers, ⌬x ϩ Ӎ13 and ⌬z ϩ Ӎ4, which are sufficient to resolve smallscale structures near the wall. 31 The trace of a fluid particle is calculated by the numerical integration of the equation of particle motion, with the released particle position (x 0 ) at time tϭ0 as the initial condition:
where X and V are the position and the Lagrangian velocity of a fluid particle at time t, respectively. The instantaneous velocity of a fluid particle is the same as the Eulerian velocity at the position of the particle which generally does not coincide with the computational grid, i.e., V(t;x 0 ) ϭU(X,t). Therefore, the Lagrangian velocity should be numerically extracted from the nearest grid information using a proper interpolation scheme. To evaluate the algorithms, fluid particle velocity along a particle trajectory is computed by employing several schemes such as linear interpolation ͑Linear͒, sixth-order Lagrange polynomial interpolation ͑LG6CH͒ and the two-point and four-point Hermite interpolation schemes ͑HM2CH,HM4CH͒ in the homogeneous direction and Chebyshev polynomial in the wall-normal direc-tion. The performance of the schemes is evaluated through comparison of errors in computed particle positions, velocities and accelerations against spectral interpolation ͑Spec-tral͒. A fluid particle is assigned with an initial position. This particle is then tracked by continually updating its position using the third-order Runge-Kutta time-advancement scheme.
III. ASSESSMENT OF INTERPOLATION SCHEMES
In order to assess the several interpolation schemes before proceeding the investigation of Lagrangian statistics, we have simulated fluid particle dispersion in turbulent channel flow by using DNS. For the test of interpolation schemes, a fully developed channel flow at (Re ϭ112) using 32 ϫ65ϫ32 grids in ͑4,2,4/3͒␦ box is spectrally simulated. Figure 1 shows trajectories of a fluid particle released at the center of the channel which were calculated by the aforementioned interpolation schemes. Three different plane views of the computed trajectories are shown in Fig. 1 . The trajectories are initially identical and they remain reasonably close to each other until the particle reaches x/␦ϭ6 ͓Figs. 1͑a͒ and 1͑b͔͒. The computed trajectory using Linear first begins to deviate from the exact spectral interpolation after x/␦ϭ6. The excursion of the trajectory obtained by LG6CH from that obtained by Spectral is noticeable after the particle passes x/␦ϭ16. Interestingly enough, the trajectories using HM2CH and HM4CH are nearly the same as that obtained by the spectral interpolation up to x/␦ϭ40. The discrepancies in the estimated trajectories are exaggerated in a yz plane view ͓Fig. 1͑c͔͒, because a yz plane view can provide the secondary flow patterns caused by turbulent structures near the wall. The trajectories begin to be contaminated in the near-wall region by numerical interpolation errors.
The sample time histories of the velocity and acceleration of a fluid particle that is released at the center of the channel are displayed in Fig. 2 . The Lagrangian acceleration was calculated by using the second-order time-accurate difference scheme. Time history of the streamwise velocity is shown in Fig. 2͑a͒ in which the estimated velocity using Linear shows a slight deviation from the exact one ͑Spectral͒ right after the particle tracking begins. The discrepancy between the estimated velocity using LG6CH and the exact one is clearly seen in Fig. 2 after tϭ1 .5u /␦ from the released instant. However, the estimated velocities using HM2CH and HM4CH are in good agreement with the exact velocity in the present particle tracking. When acceleration is evaluated by using the velocity gradient in time, the errors between the estimated accelerations and the exact one can be intensified because abrupt changes of the velocity cause large interpolation error. Figure 2͑b͒ shows the time histories of the streamwise component of acceleration using the different interpolation schemes. The history of acceleration obtained by the linear interpolation is not included in Fig. 2͑b͒ because the estimated acceleration has incomparably too much error as expected from the behavior of the estimated velocity. Unexpected small-scale fluctuations of acceleration are found in the prediction by LG6CH. A closer inspection of the acceleration for a short time interval (1.0рtu /␦р1.1) in Fig.  2͑b͒ discloses that the oscillatory pattern albeit small is also observed in the prediction by HM2CH. This may give rise to undesirable errors in Lagrangian statistics for the acceleration. If the acceleration is obtained from the velocity which was obtained from any interpolation scheme using data at a few nearby grid points, the numerical errors can be generated when a particle crosses a grid point. This is because using different sets of data to get velocity before and after the particle crosses a grid point can cause discontinuous derivative. 8 It is interesting to find that the acceleration by HM4CH is exactly the same as that by Spectral for a sufficiently long time period. This result suggests that HM4CH should be applied to evaluate the small-scale variation of acceleration with good accuracy.
To quantify the interpolation errors of the position, velocity, and acceleration of fluid particles, the root-meansquared difference between the interpolated quantity and the exact one is defined as 
Here, i and e denote the interpolated and exact quantity, such as position, velocity and acceleration, and N is the number of particles. In the present study, 1024 particles are randomly released in the interior of the channel. Figure 3 shows the temporal growth of the errors as the fluid particles are tracked. The errors between the estimated position and the exact one are shown in Fig. 3͑a͒ . After the particles are released, the errors of the position are accumulated over time.
The initial errors grow linearly with t, but the growth rate rapidly increases after tu /␦Ӎ0.3 which is closely related with the Lagrangian integral time scale. It is natural that the smallest error can be obtained by using HM4CH. Figures  3͑b͒ and 3͑c͒ show the errors of the velocity and acceleration, respectively. Similarly, the smallest error is obtained when HM4CH is applied to the interpolation. The initial growth of the errors is nearly stationary in contrast to the position while the errors rapidly increase after the above characteristic time. It should be noted that the error caused by HM4CH is about two orders of magnitude smaller than that obtained by LG6CH.
Although the highly accurate interpolation schemes and the time integration are applied to the particle tracking, the accumulative errors are inherent if the particle is numerically tracked during long time period. Therefore, it is important to know whether the errors of the Lagrangian quantities are allowable in the period to acquire the Lagrangian statistics. Root-mean-squared differences between the interpolated and the exact positions are summarized in Table I in terms of the interpolation errors at the twice Lagrangian integral time scales (T L ). Table I shows that obviously the largest error appears in the linear interpolation scheme. It is interesting to see that the errors (͉⌬l͉/␦ϭ0.001) of HM4CH is smaller than the Kolmogorov length scale ͑/␦ϭ0.03͒ at the center of the channel. The CPU times on COMPAQ-DS20E required for the interpolation are also listed in Table I . Necessarily, higher-order interpolation schemes need more computational time. Conclusively, adopting HM4CH appears to produce most reliable Lagrangian statistics including acceleration statistics with a reasonable amount of computation overhead ͑Table I͒. Finally it is worthwhile to mention that an even higher-order or more accurate interpolation scheme is not necessary for meaningful Lagrangian statistics since by the time the interpolation error gets large enough, most Lagrangian quantities are decorrelated with the initial values.
IV. LAGRANGIAN STATISTICS
The Lagrangian trajectory of a single particle is not usually of major importance in a particle dispersion process. Detailed Lagrangian particle flow should be analyzed by the ensemble averaged quantities, such as the particle dispersion, correlation, Lagrangian structure function and so on. In the previous section, we have assessed the performance of the spatial interpolation schemes. Among the interpolation schemes, we adopt the HM4CH schemes for the particle tracking in all the following computations. Particle statistics were obtained for channel flow at Re ϭ200 and 400. To examine the inhomogeneity of Lagrangian statistics, a number of particles are released at the several wall-normal locations and then tracked. The Lagrangian statistics have been obtained by releasing 1024 particles from each of four different xz planes: y ϩ ϭ5.22, 30.2, 100, 200 for Re ϭ200 and y ϩ ϭ5.34, 30.4, 99.3, 200 for Re ϭ400. These selections were made such that different behaviors were expected to be observed for particles released in the sublayer, buffer layer and log layer. For unbiased universal statistics, averaging was made not only over an ensemble of independent particle trajectories, but also over an ensemble of independent turbulence realizations. 9 In the present study, the independent 100 sets of particles were newly released every t ϩ ϭ80 which is sufficient to avoid a biased turbulence. Each particle was tracked up to t ϩ ϭ400, which is long enough for careful investigation of long-time variation. The Lagrangian integral time scale, typical decorrelation time of the velocity correlation, ranges from 4 to 100 wall units for the released positions given above, with the maximum occurring at y ϩ ϭ200 ͑see below͒. The tracking time steps are ⌬t tr ϩ Ӎ0.08 for both Re ϭ200 and Re ϭ400, smaller than the smallest Kolmogorov time scale of order 1 wall unit, which guarantees negligible time-stepping errors compared with the suggestion in Kontomaris et al. 9 Prior to the discussion on the Lagrangian statistics, we investigate the inhomogeneity of Eulerian flow quantities which are necessary for the analysis of the Lagrangian statistics. Figure 4 shows the turbulent kinetic energy (k ϩ ) and dissipation rate (⑀ ϩ ) along the wall-normal direction. Since the flow is not isotropic, the Taylor-scale Reynolds number is defined as R ϭ ͱ (20/3)(k ϩ 2 /⑀ ϩ ) and the variation of R in the wall-normal direction is shown in Fig. 4 . In the vicinity of the wall, R increases with the distance from the wall while R decreases slightly near the center. Except for the above two limiting regions, R is nearly constant around R ϳ32 for Re ϭ200 and R ϳ48 for Re ϭ400. In the constant R region, we can investigate the inhomogeneity of Lagrangian statistics excluding the influence of the Reynolds number. Later, the representative values of several Lagrangian quantities in this region will be compared to other simulation results.
A. Velocity correlations
For a statistically stationary flow, the velocity autocorrelation function ii (t) is defined as
where v i is the turbulent fluctuation velocity of the Lagrangian particle and t 0 is the released time and the autocorrelation does not depend on t 0 due to stationarity. The subscript i denotes the direction of the velocity, i.e., v 1 , v 2 , and v 3 are streamwise, wall-normal and spanwise velocity, respectively. The bracket ͗ ͘ denotes the ensemble-averaged quantity. The repeated index does not imply summation hereafter. In the present channel flow, the streamwise velocity in Eulerian frame has a mean varying in the wall-normal direction due to the inhomogeneity from the existence of the wall. The Lagrangian fluctuation velocity v i (t) is obtained from extracting the Eulerian mean velocity U i ͓X(t)͔ at the instantaneous particle position X(t) from the Lagrangian particle velocity, as similarly applied in homogeneous turbulent shear flow. 23 It should be noted that ͗v i 2 (tϩt 0 )͘ 1/2 changes with time unlike homogeneous turbulence. Figure 5 shows the effect of the released position of fluid particles on the Lagrangian velocity autocorrelation functions. The correlation functions are shown up to t ϩ ϭ400 for Re ϭ400, because the particle velocity is no more correlated with an initial velocity after t ϩ ϭ400. As the initial particle position is located closer to the wall, the decaying rates of the correlation of all components are accelerated. Specially, both the wall-normal and spanwise velocities become decorrelated faster than the streamwise velocity. This is closely related with the presence of small-scale vortical structures near the wall such as the streamwise vortices. Investigation of the flow field near the wall clearly explains different correlation property between each component. Figure 6 shows two representative fluid particles released at y ϩ ϭ13 and the corresponding temporal variation of velocity components along the trajectories. Here, the mean Eulerian streamwise velocity is subtracted from the streamwise velocity. The helical trajectory of Fig. 6͑a͒ is associated with a streamwise vortex, thus the wall-normal and spanwise velocities exhibiting an oscillatory pattern with the period of T ϩ ϭ80 as shown in Fig. 6͑c͒ . The other kind of trajectory in Fig. 6͑b͒ is found in the low-speed streak, which is almost straight in the streamwise direction ͓note that different scales are used in the streamwise and spanwise directions in Figs. 6͑a͒ and 6͑b͔͒, thus contributing almost nothing to the wall-normal and spanwise velocity correlations. Therefore, an ensemble average results in the rapidly decaying correlation near the wall as shown in Figs. 5͑b͒ and 5͑c͒. On the other hand, the streamwise velocity associated with the streamwise vortex obviously oscillates with the same period as the wall-normal or spanwise components as shown in Fig. 6͑c͒ , whereas the nonvanishing streamwise velocity in the low-speed streak exhibits a variation in much longer time scale as shown in Fig. 6͑d͒ . Summing all contributions yields a relatively slowly decaying correlation of Fig. 5͑a͒ . We investigate many other trajectories, finding similar behavior. Therefore, it can be concluded that the near-wall structure such as lowspeed streaks are responsible for the different correlation characteristics between each velocity components. Armenio et al., 26 however, observed in their LES of channel flow that the streamwise velocity correlates with itself for much longer time than our results for 11 . This is because they evaluated the correlation including the mean streamwise velocity component. The wall-normal component tends to decorrelate with itself faster than the other components and even shows negatively correlated behavior. This is probably due to the presence of the wall which plays a role as an obstacle to vertical motion. The effect of the wall is mainly manifested in the wall-normal and spanwise correlation for the entire channel, whereas the streamwise correlation is hardly influenced by the wall except for the region very close to the wall. As the release point moves away from the wall, the correlations become more isotropic than the near-wall region.
As a quantitative measure of the time interval over which the particle velocity is correlated with itself, the Lagrangian integral time scale T Li is defined in the present study as
Although the Lagrangian integral time scales should be obtained by the integration of the correlation function on the time interval ͑0,ϱ͒, practically, the upper bound has to be finite. In the present study, the estimated Lagrangian time scale T Ei is introduced and 4T Ei is used as the upper bound. Here, T Ei is defined as twice the value of the time t at which the Lagrangian correlation coefficient is equal to e Ϫ1/2 . Variations of the Lagrangian integral time scales together with Kolmogorov time scales in the wall-normal direction are shown in Fig. 7͑a͒ . The Kolmogorov time scale monotonically increases with the distance from the wall. As expected, the Lagrangian time scales increase with the distance from the wall. It may be concerned with the inhomogeneity resulting from the presence of the wall. The Lagrangian time scale in the streamwise direction is longer than those in other directions in the whole region of the channel. Specially near the wall, the fluid particle velocity in the streamwise direction is correlated with itself for much longer time than in the other directions because of the turbulent structures near the wall as explained above. On the other hand, the Lagrangian time scales normalized by the Kolmogorov time, T Li / , exhibit an opposite trend in Fig. 7͑b͒ : As the initial position of the particle approaches the wall, T L1 / , increases while T L2 / and T L3 / remain at almost the same level. This increase in level of anisotropy near the wall implies that a coherent structure has a preferred direction in location itself near the wall. Streamwise vortices and low-speed streaks are good examples that show such behavior. Figure 7 also shows dependence of T Li on the Reynolds number. Particularly T L1 increases with the Reynolds number in more sensitive manner than T L2 and T L3 .
B. Dispersion statistics
Fluid particle dispersion is defined as the ensembleaveraged displacement of particles relative to the initial position.
͑7͒
An application of the classical Taylor's theory to homogeneous flow with uniform mean streamwise velocity U yields
where u i 2 denotes turbulent intensity in the Eulerian frame for each direction. When Uϭ0, Eqs. ͑8͒ and ͑9͒ reduce to classical scaling relations for each time range. Since the mean streamwise velocity in the channel flow is relatively uniform except for the region very close to the wall, the dispersion normalized by 2(U 2 ␦ i1 ϩu i 2 )T Li t for three different release locations are illustrated in Fig. 8 . Here, the values of U, U i 2 , and T Li at the release location are used. In most cases, the streamwise mean velocity is much greater than turbulence intensity, resulting in that the normalized dispersion in the streamwise direction grows linearly with time in the whole region as shown in Fig. 8 . Quantitatively, the value of the normalized streamwise dispersion at tϭ according to Eq. ͑8͒, 0.5 /T L1 , is confirmed. When the mean shear is taken into account, the late-time dispersion is known to be cubically proportional to time, 23, 32 i.e.,
where S is the shear rate, dU 1 /dx 2 , which is assumed to be constant. Such a behavior of the streamwise dispersion is not observed in the region investigated for the two reasons that the mean shear is weak and that the wall-normal dispersion is bounded by the walls. On the other hand, the horizontal dispersion at the early stage follows Eq. ͑8͒ very well as shown in Fig. 8 . For the three release locations, this was confirmed quantitatively. According to Eq. ͑9͒, the normalized dispersion in late times should approach 1. Investigation of Fig. 8 reveals that in most cases except the wall-normal dispersion of particles released at y ϩ ϭ30.4, it is the case. Still, the normalized dispersion approaches a finite value greater than 1. This is because by the time particles disperse over more than one integral time, the particles do not have memory of the initial location any more, thus intensity and integral time scale being changed. Therefore, scaling by those values at the release point can overestimate dispersion. In summary, the effect of the mean shear is minimal and the classical Taylor dispersion is valid when the uniform mean flow is taken into account instead.
C. Lagrangian structure function
In the Lagrangian frame, it is important to examine the behavior of the increment of velocity in time following a single fluid particle. The second moment of the increment is well known as the second-order Lagrangian structure function defined as
͑11͒
The application of classical Kolmogorov's similarity hypothesis to the Lagrangian structure function was given by Monin and Yaglom. 2 The initial asymptotic behavior according to the first Kolmogorov's hypothesis for sufficiently high Reynolds number is
where ͗⑀͘ is the averaged dissipation rate and a 0 is assumed to be universal constant which is approximately 1 in a model assuming Gaussian fluctuations. 7, 14 The Lagrangian structure functions in small-scale range are investigated to reveal the quadratic dependence on time for small t/ in accord with Eq. ͑12͒. For more detailed variation of a 0 , the acceleration variances can be investigated since Eq. ͑12͒ simply means
) where a i 2 denotes mean-square acceleration. This approach has an advantage that the acceleration can be obtained in the Eulerian frame by calculating the right hand side of Eq. ͑1͒ and, therefore, particle tracking is not necessary, thus interpolation and differentiation errors not occurring. It was confirmed that both calculations yield the same a i .
Kolmogorov's first hypothesis implies that in isotropic turbulence the variance of acceleration is universal when the acceleration is scaled by the local dissipation rate and viscosity. It has been reported that at low Reynolds number flow, Kolmogorov constant a 0 is not universal and depends on R 1/2 in stationary isotropic turbulence. 8 Similar trend was observed in the recent experiments. 7, 14 In the present channel flow, this constant depends further on the initial particle position and direction of velocity. Corresponding a 0 along the wall-normal direction is displayed in Fig. 9 , clearly showing strong inhomogeneity but weak anisotropy in turbulent channel flow. a 0 in all directions monotonically increases as the releasing position moves away from the wall except for the spanwise component at y ϩ ϭ200 for Re ϭ200, which is believed to be due to the symmetric property at the channel center. Despite high level of anisotropy of the velocity autocorrelation near the wall, a 0 does not exhibit such anisotropic behavior, probably due to the fact that acceleration is dominantly determined by structures of small length and time scales. The acceleration of a fluid particle in turbulent flow arises from the viscous damping and the pressure gradient term, where the viscous damping term is small compared to the pressure gradient term in homogeneous flow. 7, 13 In the channel flow, however, viscous damping term in the streamwise direction is not negligible specially very near the wall, which is responsible for the nontrivial value of a 0 in the streamwise direction near the wall in Fig. 9 . Thus, the directional variance of a 0 tends to be localized to the viscous sublayer. With the increase of the Reynolds number, a 0 increases slightly for all components for the same release position in wall unit.
Kolmogorov's second hypothesis suggests the behavior of the Lagrangian structure function in the inertial range as
͑13͒
Kolmogorov constant C 0 is an essential parameter because it implies the rate of de-correlation of Lagrangian velocity fluctuations, similar to the Kolmogorov constant in the Eulerian structure function
)). The value of C 0 E is relatively well known to be approximately 2 in the longitudinal direction of the channel 33 and linked directly to Kolmogorov constants in one-and three-dimensional energy spectrum in wave number space. 34 In contrast to C 0 E , C 0 is rather uncertain 35 and has been widely investigated within the scope of homogeneous turbulence. To investigate C 0 , the scaled Lagrangian structure function D ii /(͗⑀͘t) is plotted against t/ in Fig. 10 . A plateau of C 0 within the inertial range should be observed according to the Kolmogorov similarity. In practice, however, for a low Reynolds number isotropic turbulence Yeung and Pope 4 found that such plateaus of C 0 are not observed, instead the local maximum value C 0 * appears in the Lagrangian structure function, of which the value increases with R . In the present study, the plateaus of C 0 are not observed and C 0 * depends on the initial particle locations and directions as well. Wherever the particles are released, C 0 * for the streamwise direction is larger than for the other directions. Although C 0 * in the isotropic turbulence is reportedly located at about tϭ4.5 for all Reynolds numbers, 4 the local maximum instants are found in 2.5 рtр5 depending on the initial location and direction.
To investigate the effect of the inhomogeneity and anisotropy, C 0 * is displayed against the initial particle position in Fig. 11 . Typical reported values of C 0 * range from 2.5 to 4.5 for R between 38 and 240 in the isotropic turbulence. 35 As shown in Fig. 4 , R ranges from 25 to 32 for Re ϭ200 and from 36 to 49 for Re ϭ400 except for the near wall region y ϩ р15 in the present channel flow. The corresponding C 0 * ranges from 0.5 to 3.0. In the streamwise direction, C 0 * is approximately 2.5Ϯ0.5 for Re ϭ400, which is consistent with the previous founding for isotropic turbulence Re ϭ38 considering Reynolds number dependence. 4 Unlike the normalized acceleration variance a 0 in Fig. 9 , C 0 * in the streamwise direction is larger than those in other directions and nearly constant when the initial particle location is sufficiently far from the wall. However, C 0 * in the spanwise direction increases as the releasing position moves away from the wall and further increases for Re ϭ400 while it decreases towards the center of channel for Re ϭ200, which is believed to be the effect of the center. On the other hand, C 0 * in the wall normal direction monotonically increases with the distance far from the wall. This inhomogeneity may be attributed to the nontrivial variations of the energy dissipation rate along the path traced out by some fluid particle over time. 8 Overall, C 0 * in each direction approaches each other with the distance from the wall while it shows significant anisotropy near the wall. For all release points, C 0 * increases as the Reynolds number increases. Since our dispersion simulations were carried out for two very low Reynolds number flows, it is very difficult to investigate the dependence of the statistics on the Reynolds number. However, for comparison purposes, T L / , a 0 and C 0 * for the representative R are shown with the reported values for isotropic flow in Fig. 12 . Here, the representative values of each quantity were obtained by averaging two values at y ϩ Ӎ30 and y ϩ Ӎ100 for Re ϭ200 and by adopting the value at y ϩ ϭ200 for Re ϭ400 in Figs. 7, 9, and 11, since R is quite uniform in the region, as shown in Fig. 4 . For T L / ͓Fig. 12͑a͔͒, the relation proposed by Sawford,
) with C 0 ϭ6, which was obtained by second-order Lagrangian stochastic theory, is drawn together. As expected, high level of anisotropy in T L is observed between the streamwise and other directions. However, the dependence on the Reynolds number is not confirmed. For a 0 , the power-law relation, a 0 ϭ0.13R 0.64 , proposed by Sawford 15 is drawn together. Although the Reynolds numbers are quite low, strong isotropy is observed, which is favorable from the stochastic modeling point of view. Since a 0 is a local quantity scaled by viscosity, strong dependence on the Reynolds number is easily noticeable, suggesting a different scaling dependence on the Reynolds number. Similarly, the representative value of C 0 * is shown in Fig. 12͑c͒ . Lines drawn are the correlation obtained by a Lagrangian stochastic model. 35 Compared to the shear flow cases, similar kind of anisotropy is observed for R ϭ48 in that the wall-normal dispersion is most suppressed while the streamwise and spanwise dispersions are most enhanced. For R ϭ32, however, the spanwise dispersion is also suppressed. 
D. Acceleration statistics
In this section, we investigate the Lagrangian statistics of the fluid particle acceleration in the turbulent channel flow. Recently, Lagrangian statistics of the fluid particle acceleration have been studied by direct numerical simulations of isotropic turbulence and homogeneous shear flow. 23 The previous finding is that the one-particle acceleration autocorrelation decays rapidly with time, with a zero crossing just over two Kolmogorov time scales. 4, 23 In the present study, the one-particle acceleration correlation is evaluated in order to investigate the inhomogeneity due to the presence of the wall. Lagrangian particle acceleration is calculated by using a second-order accurate time derivative of the particle velocity. Similar to the Lagrangian velocity autocorrelations, the acceleration correlation is defined as
where a i is particle acceleration and subscript i denotes the direction of acceleration. Figure 13 shows the acceleration auto-correlation for three initial positions of particles against time normalized by the Kolmogorov time scale defined at the release location. Each acceleration is found to have essentially zero integral time scale because the negatively correlated part almost cancels the positive region. This is consistent with the results of the homogeneous shear flow. 5 Therefore, the zero crossing time scale was suggested as a characteristic time scale. 5 It is interesting to see that the zero-crossing time scale is estimated as about 2 in all cases except for the correlation of the streamwise acceleration of particles released very near the wall. Considering the distribution of the Kolmogorov time scale ͑see Fig. 4͒ , the decaying rate of the acceleration correlation decreases as the particle is released further away from the wall. This phenomenon is closely related with the fact that small-scale structures near the wall possess shorttime scales. Investigation of acceleration field near the wall reveals that very localized wall-normal and spanwise accelerations of large amplitude are mainly associated with the near-wall streamwise vortices which are almost parallel with the wall, while the nonvanishing streamwise acceleration is found near the head of the streamwise vortices or the horseshoe vortices. This suggests that the characteristic time scale associated with the streamwise acceleration is larger than those of the wall-normal and spanwise acceleration since the head of the streamwise vortices or the horse-shoe vortices are typically found a little farther away from the wall than the near-wall streamwise vortices. This explains that the streamwise acceleration correlates with itself for longer time than the other components as shown in Fig. 13͑a͒ . As a measure of Gaussianity, the kurtosis of the Lagrangian structure function defined as
is investigated. In homogeneous turbulence, the accelerations exhibit highly intermittent behaviors. 4, 6, 7, 14 It has been known that the accelerations many times the rms value are frequent in the probability density function of the acceleration. 7 Now, the effect of the inhomogeneity and anisotropy on the kurtosis K is examined in Fig. 14 . When the particles are released, the flatness of Lagrangian structure function shows very high kurtosis level initially, which is linked to high intermittency of acceleration. However, all of the kurtosis indicate that the distribution is expected to approach KӍ3, typical value for the Gaussian shape after the particles are tracked for more than several Kolmogorov time scales, which is of order of the integral time scale of the velocity auto-correlation.
For very small time lag, the kurtosis of Lagrangian structure function approaches that of the acceleration component. 4 The initial kurtosis level of velocity increment along the wall-normal direction is displayed in Fig. 15 to disclose the effect of the particle position on the high kurtosis levels. Except for the near-wall region, the values of the kurtosis range from 10 to 20, which are consistent with that in isotropic turbulence. 4 K shows constant behavior at y ϩ Ͼ100, where the value is approximately 15. In the near-wall region, however, K shows the highly intermittent behavior specially in the wall-normal direction. In Fig. 15 , the data of Kϭ131 for Re ϭ200 and Kϭ111 for Re ϭ400 in the wall-normal direction for the particles released at near wall region are not shown. This kind of high intermittency has never been observed. A close examination of a flow field in that region reveals that the wall-normal motion induced by the near-wall structures is greatly suppressed by the wall, specially the motion toward the wall, causing very large positive wallnormal acceleration. Figure 15 also suggests that the kurtosis is not a sensitive function of the Reynolds number. This is opposite to the experimental finding of La Porta et al. 7 that the Kurtosis rapidly increases with the Reynolds number at low Reynolds numbers although their Reynolds number is still high compared to ours. If the intermittent behavior of near-wall acceleration is linked with the near-wall coherent structures, such a universal trend of the kurtosis might be expected. However, it is not conclusive at this stage and further investigation is necessary.
E. Probability density function of particle position
The study of Lagrangian statistics are extended to the probability density function ͑PDF͒ of the expected position of the drifting particles for Re ϭ200. To investigate the spatial distribution of the particles, two-dimensional PDF P(y,z;x) of the particle position is calculated by using the Gaussian kernel regression 36 at several downstream locations. The mirror image of the weight function is used for impermeability in the near-wall region. The selected downstream locations are x/␦ϭ1, 2, 4, 8, and 16 where the particles are released at xϭ0. To obtain a quasi-steady distribution, particles are newly released at the particular wallnormal location after ninety percent of particles have passed through the final downstream location. The initial particle positions in the wall-normal direction are selected as y ϩ ϭ30.2, 100, and 200. Figure 16 shows the one-dimensional PDF P(y;x) along the wall-normal direction, which is obtained by integrating P(y,z;x) in the spanwise direction. As shown in Fig. 16 , PDFs are fairly symmetrical at x/␦ϭ1, but become more spread toward the wall with increasing x/␦. 27, 28 This asymmetric patterns are more augmented as the initial position is closer to the wall. Particles approaching to the near-wall region move shorter distance to the downstream. Consequently, the maximum PDF moves closer to the wall. However, PDF at the center has maintained a symmetric behavior. At sufficiently far downstream, the particles would be uniformly spread over the wall-normal direction. It is interesting to note that at the initial stage, the wall-normal dispersion is more active near the wall than at the center.
To quantify the spatial PDF in detail, the first and second moments of the PDF in the wall-normal and spanwise directions are defined as
where m y , y , and z are the mean position and spreading rates in each direction, respectively. By symmetry the mean position in the spanwise direction is 0. The relative mean position (m y Ϫy 0 )/␦ with the initial wall-normal particle location y 0 is shown in Fig. 17͑a͒ . Here, the mean position for the particles released at y ϩ ϭ100, 200 are not shown since they remain almost zero for the region investigated. As the particles are released closer to the wall, (m y Ϫy 0 )/␦ is more deviated with the increasing x/␦, although the maximum PDF moves closer to the wall. The increment of (m y Ϫy 0 )/␦ is directly linked with the long-tail of P(y;x) toward the center of channel, meaning biased dispersion due to the wall. The late-time behavior of the mean position grows linearly with the distance, i.e., (m y Ϫy 0 )/␦ϳx as shown in Fig. 17͑a͒ . The spreading rates of PDFs to the wall-normal direction are also shown in Fig. 17͑b͒ . General trends are such that the particles spread more widely and rapidly at the downstream as the releasing position is further from the wall. The spreading rate for the particle released at y ϩ ϭ200 shows a typical behavior of dispersion, y ϳx 1/2 while the dispersion of particles released near the wall behaves like y ϳx ␣ with ␣Ͻ1/2. Similarly, the moments of PDFs in spanwise direction are illustrated in Fig. 17͑c͒ . the spreading rates z /␦ seems to approach x 1/2 behavior unlike the wallnormal dispersion, meaning that the presence of the wall does not significantly influence the dispersion in the spanwise direction.
V. CONCLUSIONS
Detailed numerical analysis has been performed to characterize the Lagrangian behavior of fluid particle in turbulent channel flow. Direct numerical simulations of turbulent channel flow at Re ϭ112, 200, and 400 were carried out in a spectral domain. The performance of the particle tracking algorithms were re-evaluated through comparison of errors in computed particle kinematic information against those obtained by spectral interpolation scheme for Re ϭ112. Root-mean-squared error of the particle position at the twice Lagrangian integral time scales shows that the error in HM4CH is smaller than the Kolmogorov length scale at the center of the channel. The oscillatory patterns in the estimated acceleration are observed for all interpolation schemes except for HM4CH. Adopting HM4CH appears to produce most reliable Lagrangian statistics including acceleration correlations with a reasonable amount of computational overhead.
To investigate the in homogeneity of Lagrangian statistics, a large number of particles are released at the several wall-normal locations and then tracked using HM4CH for spatial interpolation scheme and the third-order RungeKutta scheme for time integration. Particle statistics have been calculated for the two cases of channel flow at Re ϭ200 and 400. Except for the near wall region, the present R is observed to be nearly constant around R ϳ32 for Re ϭ200 and R ϳ48 for Re ϭ400, respectively. The Lagrangian velocity auto-correlations are maintained for a long time in the order of streamwise, spanwise, and wallnormal direction, which is related with the elongated coherent structures near the wall. The initial dispersions indicate that the asymptotic behavior in the small-scale range would not depend on the initial position and direction. Contrast to the homogeneous turbulence, the initial dispersion should be normalized considering the mean streamwise velocity. The different asymptotic behavior of the dispersion in inertial range is related with the suppressed dispersion near the wall.
The normalized Lagrangian structure functions in smallscale and inertial ranges were investigated for the effect of inhomogeneity and anisotropy on Kolmogorov constants a 0 and C 0 . The scaled acceleration variance a 0 in all directions increases with the distance from the wall with weak anisotropic property. The plateaus of C 0 in the inertial range are not observed and instead the local maximum C 0 * depend on the initial particle location and direction. Unlike the behavior of the acceleration variance, C 0 * for the streamwise direction is larger than that for the other directions. The corresponding C 0 * ranges between 0.5 and 3.0. In the streamwise direction, C 0 * is approximately 2.5Ϯ0.5, which is consistent with the results of low Reynolds number isotropic turbulence at R ϭ38. C 0 * for the spanwise and wall-normal directions increases with the distance of the releasing position from the wall. The anisotropic behavior of C 0 * is more magnified when the initial particle position is closer to the wall. When the Kolmogorov constants were compared with the previous findings, the constants for the spanwise direction is closest to the isotropic relation, whereas high level of anisotropy is realized in the streamwise and wall-normal directions. The wall-normal dispersion is most suppressed while the streamwise dispersion is most enhanced. Although our simulations were carried out for two relatively low Reynolds numbers, dependence of T L , a 0 , and C 0 * on the Reynolds number was investigated. Most quantities increase with the Reynolds number with different scaling relations as shown in Fig. 12 .
The inhomogeneity of the acceleration correlation for the initial position of particles was also examined. The acceleration is rapidly de-correlated as the particle is released further away from the wall. Accelerations are found to have essentially zero integral time scales. The zero-crossing time scale is estimated to be about 2 , which is similar to that in homogeneous turbulence except for the streamwise acceleration. The characteristic time scale for the streamwise acceleration is larger than those of the wall-normal and spanwise acceleration due to the near-wall streamwise vortices. The effect of the inhomogeneity and anisotropy on the kurtosis K of Lagrangian structure function was also examined. For very small time lags, K in the near wall region shows the highly intermittent behavior specially in the wall-normal component of acceleration.
Finally, the spatial probability density functions ͑PDF͒ of the position of the drifting particles were investigated. Asymmetric patterns of the spatial PDFs are magnified as the initial position is close to the wall. The mean of particle position in the wall-normal direction deviates from the initial position as the particles move downstream, while the maximum PDF moves closer to the wall. The increment of mean position is directly linked with the long-tail of PDFs toward the center of channel. However, the dispersion in the spanwise direction is homogeneous and the spreading rates increases with downstream.
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APPENDIX: HERMITE-CHEBYSHEV INTERPOLATION
The fourth-order Hermite interpolation 11 is expanded to two dimensions for the homogeneous directions, such as x and z directions and combined with Chebyshev interpolation in the wall-normal direction. The scheme is specified as Here, Û , Û x , Û z , and Û xz are Fourier-Chebyshev coefficients for the Eulerian velocity and its derivatives. Nϭ2 corresponds to the classical two-point Hermite interpolation scheme. When the interpolation point (x,z) is located in between (x i ,z k ) and (x iϩ1 ,z kϩ1 ). The basis functions for the two-point Hermite interpolation can be written as
